Abstract Cancer is a major risk factor for bone loss and fractures. This is due both to direct effects of cancer cells on the skeleton and to deleterious effects of cancer-specific therapies on bone cells. Marked improvements in survival for many cancers mean that strategies to limit bone loss and reduce fracture risk must be incorporated into the care plans for nearly all patients with cancer. The vast majority of effort thus far has focused on bone loss in patients with breast and prostate cancers, with comparatively few studies in other malignancies. Antiresorptive therapies have proven nearly universally effective for limiting bone loss in cancer patients, although few studies have been powered sufficiently to include fractures as primary endpoints, and patients are frequently neither identified nor treated according to published guidelines. Nonpharmacologic approaches to limit falls, particularly in elderly patients, are also likely important adjunctive measures for most cancer patients.
Introduction
Nearly all cancers can have significant negative effects on the skeleton. Cancer is a major risk for both generalized and local bone loss, with bone loss as assessed by bone mineral density (BMD) testing substantially higher in cancer patients than in the general population, independent of cancer type [1•]. Cancer-associated bone loss is the result of multiple, interrelated factors. These include both the direct effects of cancer cells, and the effects of therapies used in cancer treatment including chemotherapeutics, corticosteroids, aromatase inhibitors, and androgen deprivation therapy (Fig. 1) . Further, the skeleton is also the most common site of metastatic disease, as cancer cells growing within bone induce osteoblasts and osteoclasts to produce factors, which stimulate further cancer growth [2] . Accordingly, the optimal management of skeletal health has become an increasingly important part of the care provided to cancer patients, as improved oncologic treatments have enhanced both patient survival and longevity.
Herein, recent work examining the relationship between cancer and bone loss, with an emphasis on breast and prostate cancers, will be reviewed.
Age-Associated Bone Loss in Men and Women
Although cancer is not exclusively a disease of aging, cancer more commonly occurs in older individuals. Likewise, aging in both men and women is associated with increased rates of osteoporosis and fractures. Central to this bone loss is the decline in sex steroid (primarily estrogen and testosterone) levels that occur in both sexes with aging.
In women, declining estrogen levels result from ovarian failure, with serum estradiol levels falling by 85 %-90 % over the menopausal transition [3] . At present, there is little data to suggest a significant role for testosterone in the maintenance of postmenopausal skeletal integrity.
Men also undergo substantial changes in biologically available sex steroid levels, primarily due to the greater than 2-fold age-related increase in sex hormone binding globulin levels over the male lifespan, making bioavailable estrogen and testosterone levels decline an average of 47 % and 64 %, respectively [4] . Although testosterone is the predominant sex steroid in men, evidence from cross-sectional and longitudinal studies has shown that male BMD is better correlated with circulating levels of bioavailable estradiol (made via aromatization of testosterone to estradiol) than testosterone [5] .
Thus, in both men and women, decreases in sex steroid levels are central to the bone loss that occurs with normal aging (Fig. 1 ). In patients with breast or prostate cancer, however, it is often precisely these sex steroid levels which are targeted for further reduction by hormonal therapies, an effect which can potentiate ongoing bone loss already occurring in aged patients.
Breast Cancer
Despite the now widespread recognition that breast cancer therapies lead to bone loss and increased fracture risk, evidence indicates that a significant proportion of patients with breast cancer do not undergo routine BMD screening as recommended by the American Society of Clinical Oncology, likely contributing significantly to the skeletal morbidity [6•] and leading to increased healthcare-associated costs in some women [7] .
Premenopausal Women
On average, menopausal onset in women with breast cancer receiving chemotherapy occurs approximately a decade earlier than normal [8], with advancing age (>40 years) at the time of chemotherapy initiation the most significant factor associated with increased risk of ovarian failure (Fig. 1) . Due to both earlier breast cancer detection and continued improvements in chemotherapeutic options, however, many women diagnosed with breast cancer prior to menopausal onset have prolonged survivals. Accordingly, efforts to limit complications related to therapy, in particular the bone loss that occurs secondary to the triumvirate of cytotoxic chemotherapy, corticosteroids used to limit chemotherapy-associated nausea, and hormonal therapies, is of paramount importance.
To address how intravenous bisphosphonate treatment affects bone loss in premenopausal women undergoing breast cancer therapy, Gnant and colleagues performed a sub-study of 404 women from a large randomized, phase III, 4-arm trial in which subjects received the gonadotropin-releasing hormone agonist goserelin (which acts indirectly to suppress endogenous estrogen production) and either the estrogen receptor mixed agonist/antagonist tamoxifen or the aromatase inhibitor (AI) anastrozole, both with or without zoledronic acid infused every 6 months for 3 years [9] . BMD was then prospectively assessed by dual-energy x-ray absorptiometry (DXA). Relative to baseline, endocrine therapy alone resulted in a BMD declines (lumbar spine −11.3 %; hip −7.3 %) at 36 months. Further, in women not receiving zoledronic acid, average losses were greater in women treated with anastrozole compared with women receiving tamoxifen. In contrast, women treated with zoledronic acid in addition to endocrine therapy had stable BMD at 36 months (lumbar spine +0.4 %; hip +0.8 %) vs baseline. Similar results indicating a protective role for zoledronic acid on bone loss in premenopausal women receiving adjuvant chemotherapy for breast cancer have also been reported by others [10] .
In addition, it is useful to note that tamoxifen, which acts as an estrogen receptor antagonist in breast tissue and is frequently used in estrogen receptor positive breast cancer patients or alternatively as prophylaxis in women at high-risk for breast cancer, may lead to bone loss in premenopausal women who continue to menstruate after adjuvant chemotherapy [11] .
Postmenopausal Women
Given that the majority of breast cancer is diagnosed in postmenopausal women and that postmenopausal women are at increased risk for bone loss and fracture compared with premenopausal women, it is not surprising that the majority of work to date has focused on this group. Due to their superior efficacy for reducing endogenous estrogen levels and their documented superior clinical efficacy, however, AI's rather than tamoxifen are considered first-line adjuvant therapy for most postmenopausal women with hormone-responsive tumors [16•]. As would be expected by an intervention which further lowers estradiol levels in postmenopausal women, multiple studies have now clearly documented increased boss loss and fracture rates in breast cancer patients treated with AI therapy (Fig. 1) [17, 18] . As exemplified by the ATAC trial, which compared postmenopausal women treated with anastrozole, tamoxifen, either alone or in combination, 5 years of AI (anastrozole) treatment induced significant declines in BMD at both the lumbar spine (−6.1 %) and total hip (−7.2 %) vs tamoxifen treatment, which slightly increased BMD at the spine (+2.8 %) and hip (+0.7 %) at 5 years [19] . Notably, approximately similar rates of bone loss were also shown to occur in women treated with the AI exemestane for primary breast cancer prevention, even with concomitant supplementation with calcium and vitamin D [20] .
In light of the growing recognition of the rapid bone loss that occurs after AI initiation, a variety of pharmacologic agents have now been assessed in clinical trials for their abilities to halt such losses. Given their well-recognized role both in limiting both osteoporosis-associated bone loss and cancer-associated skeletal-related-events such as hypercalcemia and fractures [21] bisphosphonates have also been studied extensively in postmenopausal breast cancer-associated bone loss.
In a recent randomized, double-blinded placebo controlled study of the oral bisphosphonate clodronate in 3323 women with stage I-III breast cancer followed for a median of 91-months, subgroup analysis showed that clodronate treatment was associated with significantly higher spine (+1.9 %) and hip (+1.3 %) BMD compared with placebo [22], although no difference in overall survival was found [23] . Recent studies have also examined the effectiveness of the oral bisphosphonate risedronate in limiting postmenopausal AI-induced bone loss, and concluded that once-weekly risedronate leads to maintenance of skeletal structural integrity [24] and increases in lumbar spine and hip BMD compared with placebo, an effect most pronounced in women with lower T-scores at baseline [25, 26] .
Relative to studies with oral bisphosphonates, comparatively more recent work has examined the role of intravenous zoledronic acid for the prevention of bone loss in postmenopausal women treated with AI's. Although zoledronic acid was not shown to reduce the incidence of disease recurrence or death compared with placebo in a phase 3 study of women with early stage breast cancer [27•], provision of zoledronic acid every 6 months from time of AI therapy initiation lead to a significant increase (+4.3 %) in lumbar spine BMD at 60 months compared with a significant decrease (−5.4 %) in women in whom zoledronic acid was delayed (initiation only for on-study fragility fracture or pre-specified BMD decline) [ Lastly, it is useful to note that efforts have been made to evaluate whether denosumab, a fully-humanized monoclonal antibody directed against receptor activator of nuclear factor kappa-b ligand (RANKL), which acts by binding RANKL to prevent its association with the RANKL receptor (RANK) on osteoclasts, is active in limiting AI-associated bone loss in postmenopausal women. In a double-blind randomized controlled trial of postmenopausal women receiving AI therapy, denosumab increased BMD at both the hip and spine compared with placebo [32] . Notably, denosumab has also been shown to delay time to the composite endpoint of first skeletal-related-event in breast cancer patients [33•, 34], while a study designed to test whether denosumab compared with placebo will reduce the rate of first clinical fracture in women with breast cancer receiving AI therapy is currently underway (clinicaltrials.gov identifier: NCT00556374).
NonPharmacologic Approaches to Limit Bone Loss in Breast Cancer
Although the majority of studies have focused on pharmacologic approaches to limit bone loss in women with breast cancer, a variety of physical fitness programs with skeletal endpoints have also been tested [35] . In a small study of breast cancer survivors, a moderate form of weight-bearing exercise (Tai Chi) performed 3 times/week for 1 hour increased bone formation and reduced bone resorption as assessed by biochemical markers of bone turnover [36] . In partial contrast, however, a 24 month randomized trial of weight training in 223 postmenopausal breast cancer survivors failed to show additional BMD or bone turnover marker benefit beyond that provided by treatment with risedronate, calcium, and vitamin D [37] , although a separate study of 1 year duration, which combined impact with resistance training demonstrated BMD stabilization and improvements in biochemical markers of bone turnover when compared with control subjects enrolled in a low-intensity stretching program [38] . Whether exercise training programs are of greater benefit to premenopausal compared with postmenopausal breast cancer survivors, however, has been recently suggested [39] . Thus, although weight-bearing exercise is likely an important addition to efforts aimed at limiting the bone loss that occurs with breast cancer treatment, current evidence supports such activity in addition to, rather than in place of, concurrent pharmacologic approaches.
Prostate Cancer
Prostate cancer is the most common noncutaneous cancer in men. As has been seen in women with breast cancer, earlier detection has increased survival length, such that prolonged periods of disease stability are increasingly commonplace. Again like breast cancer, prostate cancer disproportionately affects the elderly, the group most likely to already suffer from normal age-associated bone loss [40] and like breast cancer, most prostate cancers are at least initially hormonally responsive. As such, androgen deprivation therapy (ADT) from either bilateral orchiectomy, or now more commonly gonadotropin-releasing hormone (GnRH) agonist-mediated therapy, is often used for the care of prostate cancer patients. As desired clinically, such treatments result in marked decreases in circulating total and free testosterone levels, with most ADT's resulting in total testosterone values in the castrate range of <20 ng/dL [41] . As a consequence of this severe suppression of testosterone levels, levels of bioavailable estradiol (normally made via aromatization of testosterone to estradiol) also plummet. It is particularly in subjects who undergo long-term androgen deprivation that fracture risk has been shown to be most markedly increased (Fig. 1 ) [42] , with intermittent ADT having an intermediate effect on bone loss [43] .
Despite these now well-recognized skeletal effects, however, the majority of prostate cancer patients remain inadequately treated [44•, 45] although the implementation of osteoporosis management programs to identify (by DXA screening) and treat men with newly diagnosed prostate cancer receiving ADT has recently been shown to profoundly reduce (by >70 %) fracture incidence in this population [46••] .
As with breast cancer, bisphosphonates have been extensively studied for their effects on limiting ADT-associated bone loss in men with prostate cancer. Both oral and intravenous preparations have proven effective for this purpose. As an example of oral bisphosphonate therapy, a recent doubleblind, placebo-controlled, randomized study of 104 men with nonmetastatic prostate cancer demonstrated that lumbar spine BMD decreased by 5.8 % at 12 months and 13.6 % at 24-months in ADT-treated men who received placebo, while remaining unchanged from baseline in risedronate-treated men [47] . Approximately similar results have also been seen with alendronate [48, 49] , as well as with the intravenous bisphosphonates pamidronate [50] and zoledronic acid [51, 52] . Consistent with these individual studies, a recent systematic review and meta-analysis of bisphosphonate therapy in men undergoing ADT for prostate cancer, which included 15 studies and 2634 subjects, concluded that bisphosphonate therapy significantly reduced both fracture risk [relative risk (RR) 0.80; P<0.01] and osteoporosis (RR 0.39; P<0.001), with zoledronic acid having the greatest effect among the bisphosphonates [53] .
More recently, a pivotal randomized, double-blind trial comparing denosumab (n=734) vs placebo (n=734) in men receiving ADT for prostate cancer was undertaken [54] . When subjects were provided with a subcutaneous 60 mg denosumab dose every 6 months, BMD assessed at 24 months increased significantly (difference from placebo: + 6.7 %, +4.8 %, +3.9 %, and +5.5 %; all P values<0.001) at the lumbar spine, total hip, femoral neck, and one-third distal radius, respectively, with significant differences between groups occurring as early as 1 month. Further, denosumabtreated patients had a significantly decreased risk for new vertebral fractures at 36 months (RR 0.38, P<0.01). Based on these findings, denosumab received approval from the United States Food and Drug Administration (FDA) for fracture risk reduction in men receiving ADT.
A subsequent study in which men with castrationresistant prostate cancer were treated with either denosumab (120 mg every 4 weeks; n=716) or placebo (n=716) showed that denosumab significantly increased metastasis-free survival and delayed time to first skeletal metastasis, although rates of osteonecrosis of the jaw (ONJ) were increased in subjects who received denosumab [55• ]. Finally, a trial which directly compared denosumab (n=950) to zoledronic acid (n=951) in men with castration-resistant prostate cancer and bone metastases demonstrated an increased time to first on-study skeletal-related event (20.7 vs 17.1 months; P<0.01 for superiority with denosumab), although hypocalcemia was more frequent in the denosumab-treated subjects [56•] .
Lastly, given the important role described above for estradiol in the maintenance of male skeletal health, rationale exists for the potential use of selective estrogen-receptor modulators (SERMs) to limit male bone loss. As recently described [57] , daily delivery of the oral SERM toremifene for up to 24 months decreased the risk for new vertebral compression fractures (by 50 %; RR 0.50; P=0.05) vs placebo, while also increasing BMD at the lumbar spine, femoral neck, and total hip (all P<0.0001). Although venous thromboembolic events did occur more frequently in toremifene-treated subjects (2.6 % vs 1.1 %; P=0.26), this adverse effect was most common in men aged ≥80 years [58] . To date, however, no SERMS are approved for the treatment bone loss, regardless of etiology, in men.
Finally, it is also important to recognize that sarcopenia frequently occurs in parallel with bone loss in men receiving ADT [59] , a finding, which might reasonably be expected to decrease stability and increase fall risk [60] . Accordingly, it seems prudent to encourage physical activity, and in particular weight bearing exercise, in men undergoing ADT, although only limited data exist to support such recommendations [61] . Ensuring that patients maintain adequate intakes of calcium and vitamin D also should be added to any comprehensive skeletal health program, although calcium and vitamin D by themselves are insufficient to limit ADT-associated bone loss [62, 63] .
Hematologic Malignancies

Bone Marrow Transplantation
Bone loss and increased fracture risk are well-recognized consequences of solid organ transplantation, but are also common complications following bone marrow transplantation. In a recent study of 17 patients undergoing allogeneic stem cell transplantation for acute myeloid leukemia, prophylactic treatment with zoledronic acid both prior to transplant and 6 months post-transplant successfully prevented the early bone loss normally seen following transplant [64] .
Monoclonal Gammopathies
Multiple myeloma is the second most common hematologic cancer, accounting for 10 % of all hematologic malignancies [65] . In addition to developing focal osteolytic lesions characteristic of the disease, patients also suffer from generalized bone loss. Thus, nearly two-thirds have bone pain at presentation, and fracture rates are increased 16-fold relative to the general population in the year preceding diagnosis [66] . Further, even with disease remission, skeletal lesions rarely heal. Both pamidronate and zoledronic are FDA-approved for the treatment of myeloma bone disease, and have been shown on placebo-controlled trials to reduce hypercalcemia, bone pain, and fracture incidence [67, 68] .
Patients with monoclonal gammopathy of undetermined significance (MGUS), a common pre-malignant condition with an approximately 1 % annual risk for progression to myeloma but in which patients do not have the characteristic osteolytic lesions of multiple myeloma, also have substantially increased fracture rates [69] . Interestingly, recent work suggests that subjects with MGUS have substantial alterations of both cortical and trabecular skeletal microarchitecture, as well as increases in circulating cytokines previously identified in patients with myeloma, which are known to increase osteoclast activity and suppress osteoblast activity [70•] . Treatment with both alendronate [71] and zoledronic acid [72] has been shown to increase BMD in patients with MGUS.
Other Malignancies
Gastric Cancer
Patients with gastric cancer who have undergone gastrectomy are at significantly increased risk for developing osteoporosis, likely due to a decrease in the gastric acidification necessary for optimal intestinal calcium absorption. In a small study of 47 post-gastrectomy patients, oral bisphosphonate treatment with alendronate or risedronate significantly reduced incident fractures and increased BMD at both the lumbar spine and femoral neck compared with no treatment (P<0.05 for all comparisons) [73] .
Additional Issues Related to Skeletal Health in Patients with Cancer
In addition to pharmacologic interventions, conservative measures are extremely important for cancer patients to limit fracture risk. These include counseling about potentially high-risk activities such as falls and heavy lifting, the introduction of appropriately supervised physical therapy for muscle strengthening to limit fall risks, and ensuring adequate intake of calcium and vitamin D. Finally, it is important to recognize that cancer patients are often at increased fall risk due to concurrent use of analgesics and sedatives, and as such should be counseled accordingly.
Although beyond the scope of this review, it is now wellrecognized that antiresorptive therapies (both bisphosphonates and denosumab) are associated with increased risks both in the short-(such as hypocalcemia) and long-(such as ONJ and subtrochanteric femoral fractures) term. Such potential issues must be considered and discussed fully with patients considering initiating antiresorptive therapy, particularly given that oncology patients generally receive more frequent antiresorptive therapy dosing, leading to cumulative doses that are often at least a magnitude higher than those used for the routine treatment of osteoporosis [21] . Accordingly, the reader is referred to recent references more specific to such potential issues [74] [75] [76] .
Conclusions
Nearly all patients with cancer are at increased risk for bone loss and fractures due to a combination of factors including their underlying malignancy, an often advanced age, and therapeutic regimens, which directly or indirectly affect bone cells. While therapeutic improvements for many cancers have substantially improved patient survival from diagnosis, skeletal health has often been a significantly affected, but too often neglected, bystander of this advancing care. Accordingly, optimal management of skeletal health has never been more important. In particular, all women and men initiating hormonal-based therapies (AI therapy in women and ADT in men) should be counseled on the risks for bone loss inherent with therapy. Comprehensive skeletal management plans, which reflect these realities, must become an essential component of our treatment for all patients with cancer. 
